Experiments investigating lead adsorption by activated sawdust of different particle sizes of two timber species were conducted. The experimental data were fitted to isothermal and kinetic models.
INTRODUCTION
Heavy metals are not biodegradable and tend to persist in water and accumulate in living organisms, causing various health disorders. Lead has been identified as one of the most toxic heavy metals that has dominant long-term negative impacts on health, causing hepatitis, anaemia, nephritic syndrome, brain damage, mental deficiency, cancers, reduced fertility, kidney failure, autoimmunity and Alzheimer's disease (Lin et al. ; Brooks et al. ) .
Lead remains one of the most widely used industrial metals and its presence in water can be traced to effluents from metal finishing and electroplating, mining and operations, textile activities and nuclear power generation hence the need for a low-cost approach.
Results from several studies have proved that sawdust has good adsorption properties and can be employed in large-scale removal of contaminants from water (Mane & Vijay-Babu ; Kalavathy et al. ) . Though sawdust has long been recognized as a good, low-cost adsorbent, large quantities of sawdust continue to be improperly disposed of worldwide. In general, an adsorbent can be assumed as 'low cost' if it requires little processing, is abundant in nature, or is a by-product or waste material from industry (Bailey et al. ) . Abundantly available low-cost adsorbent can be disposed after the first cycle of use, without the need for the expensive process of regeneration (Bailey et al. ) . Apart from being in continuous supply and abundantly available, sawdust is a free resource in developing countries where it is constantly disposed of along with municipal solid waste. Just like other carbonbased waste products, sawdust is mostly composed of lignin and cellulose, as well as other polar poly functional groups that are able to bind heavy metals and form complexes with the metal ion in solution (Bulut & Tez ; Begum & Alhaji ; Gad et al. ) . The high lignin content of sawdust makes it an excellent adsorbent for metals (Bryant et al. ) . This research was aimed at ascertaining the effectiveness of sawdust of various particle sizes and timber species in the removal of lead from water. The novelty of this research lies in the selection of sawdust of known specific timber species unlike several other studies that used composite sawdust, segregation into various ranges of particle sizes in order to ascertain their effect, and the development of a new kinetic model to account for decrease in sorption rate with time.
MATERIALS AND METHODS

Preparation of adsorbent and lead solution (adsorbate)
Two timber species (Pycanthus angolensis commonly called 30 mg/l and 10 mg/l were prepared by adding 13 ml, 11 ml, 9 ml, 7 ml, 5 ml, 3 ml and 1 ml of standard lead solution of 100 mg/l into 100 ml of deionized water. Two hundred milligrams (0.2 g) of adsorbent was weighed out and added to the lead solution. Thereafter, the solution was put in a shaker and was agitated for 3 hours. The concentration of lead remaining in the solution after 3 hours was determined using an ultraviolet (UV) spectrophotometer (Uv-1800 Shimadzu, Japan) which had previously been calibrated by determining the absorbance for predetermined concentrations of lead solution.
Sorption isotherms
Equilibrium relationships between adsorbent and adsorbate are described by adsorption isotherms which are usually the ratio between the quantity adsorbed and that remaining in solution at fixed temperature at equilibrium. The quantity adsorbed is nearly always normalized by the mass of the adsorbent to allow comparison of different materials.
The results of the adsorption experiment were fitted to Langmuir (Equation (1)) and Freundlich (Equation (2)) iso-
Sorption kinetics
By analysing and comparing the adsorption efficiencies of the various particle sizes for each timber species, the optimum particle sizes were obtained and then used for Samples of the adsorbate were taken at predetermined time intervals. In order to describe the sorption rate and confirm the reaction mechanism of lead ion (Pb 2þ ) five kinetic models were employed. The performance of the kinetic models was evaluated using R 2 and absolute mean error (AME) values. The first-order kinetic model (Equation (3)) is based on the assumption that sorption of lead ions onto the activated sawdust was reversible and followed a first-order rate kinetics (Vinod ). The pseudo-first-order kinetic equation (Equation (4) (5)) is seldom used for describing the adsorption process, but it was used in this work for the sake of completeness and confirmation. The pseudo-second-order kinetic model (Equation (6)) is based on the assumption that the rate limiting step may be chemical adsorption involving valance forces through sharing or exchange of electrons between adsorbent and adsorbate (Bulut & Tez ) . The intraparticle diffusion model (Equation (7)) is used if intraparticle diffusion is the rate limiting step (Attia et al. ) . If the rate limiting step is intraparticle diffusion, a plot of solute adsorbed against square root of contact time should yield a straight line passing through the origin (Weber & Morris ) .
RESULTS AND DISCUSSION
Effect of particle size
The adsorption efficiencies of Khaya ivorensis and Pycanthus angolensis are shown in Figure 1 . For large particle sizes (2 mm), Khaya ivorensis performed better than Pycanthus angolensis. The difference in percentage removal of lead was more pronounced at low lead concentration with a percentage removal of 98.7% for Khaya ivorensis and 81.3%
for Pycanthus angolensis after 3 hours of contact. However, at high concentration (130 mg/l), the removal efficiency 
Adsorption isotherm
The adsorption isotherm describes how target species are distributed between liquid and solid phases at equilibrium (alcohol and carboxylic acids) and C-H functional groups in the two species of sawdust. The results further confirm the participation of the functional groups in the adsorption process by a shift in wavenumbers as summarized in Table 2 .
These shifts in wavenumbers indicate change in functional groups of adsorbents and surface properties as a result of lead adsorption onto the adsorbent surface.
Kinetics of lead adsorption
Sorption kinetics yield the solute uptake rate which determines the residence time required for completion of the sorption process, as well as providing information regarding the reaction mechanism (Ho et al. ) . Because the sorption mechanism may change during the entire period of the sorption process, it is necessary to test several models over the entire sorption range in order to identify the correct sorption model. The experimental data were tested on existing kinetic models. All the kinetic models performed well with R 2 values ranging from 0.75 to 1.0
for Khaya ivorensis and 0.84 to 1.0 for Pycanthus angolensis. At low concentrations of lead, the first-order kinetic and the intraparticle diffusion models gave the best results for both Khaya ivorensis and Pycanthus angolensis. For moderate concentrations of lead (50 mg/l and 70 mg/l), the pseudo-first-order and the intraparticle diffusion models gave the best results for both species. The intraparticle diffusion model, with AME of 4.64 for Khaya ivorensis and 7.39 for Pycanthus angolensis, followed by the pseudo-first-order kinetic model, with AME of 7.35
for Khaya ivorensis and 11.72 for Pycanthus angolensis, outperformed the other kinetic models. Several researchers also reported that the pseudo-first order kinetic model is suitable for describing the adsorption of heavy metals by sawdust (Kobya ; Attia et al. ). As can be seen from Table 3 , Khaya ivorensis had lower AME than
Pycanthus angolensis for all the models, suggesting that the adsorption of lead by Khaya ivorensis is more amenable to kinetic interpretations than Pycanthus angolensis.
The relatively high performance of the pseudo-first-order kinetic model shows that the process is not only controlled by the concentration of lead, which in turn determines the rate of transport in the bulk liquid phase, but also by the characteristics of the adsorbent. Aharoni & Sparks () noted that when the chemical reaction in the solid phase is rapid, the liquid phase transport process becomes the rate controlling reaction. Unlike the first-order and second-order models, that assume that rate of sorption is solely dependent on the solute concentration, the pseudo kinetic models suggest that the rate of sorption of the solute as a mass fraction of the adsorbent is directly proportional to the availability of active sorption sites.
Invariably the first-and second-order pseudo kinetic models take into cognisance the adsorption capacity of the adsorbent. It was observed that the first-and secondorder models almost consistently underestimated the initial lead concentration. This signifies an inability to account for a fraction of lead adsorbed. On the other hand, the pseudosecond-order kinetic models consistently overestimated lead concentration by up to 30%.
As the concentration of lead solution increases, the adsorption process tends to be explained more by the intraparticle diffusion model. It was observed that at low concentrations of lead, the process basically follows first- (8)):
Integrating Equation (8) gives rise to Equation (9) which is taken herein as the new model.
The new model outperformed all the other models except the intraparticle diffusion model. The AME was Figure 5 | Plots of kinetic models.
